Enteropathogenic Escherichia coli (EPEC) infection is a major cause of infantile diarrhea around the world, especially in developing countries (5, 17, 26) . When incubated with tissue culture cells, EPEC adheres and forms microcolonies rather than blanketing the cells (42) . This specialized adherence pattern, called "localized adherence," is associated with the presence of a 50-to 70-MDa "EPEC adherence factor" plasmid, common to all classic EPEC strains (32, 33) . Loss of this plasmid from EPEC is associated with loss of the capacity for localized adherence in vitro (1) and with dramatically reduced ability to cause diarrhea in volunteers (28) .
Recently, a unique bundle-forming pilus (BFP) has been identified in EPEC and proposed to be the adhesin responsible for localized adherence (16) . Donnenberg et al. (9) cloned the plasmid gene interrupted by TnphoA in mutants of the 0127:H6 EPEC E2348/69 deficient in localized adherence. The identified gene, bfpA, encodes a protein with a predicted N-terminal amino acid sequence nearly identical to that determined experimentally for the major structural protein (bundlin) of BFP. The same bfpA gene has also been cloned by another group from an O111:NM EPEC strain using a different approach and found to have an identical nucleotide sequence (43) . The predicted amino acid sequence of bundlin is homologous with other members of the type IV pilus family.
Type IV fimbriae are found in a variety of gram-negative bacteria including Pseudomonas aeruginosa, Neisseria gonorrhoeae, Neisseria meningitidis, Moraxella bovis, Moraxcella non-liquefaciens, Dichelobacter nodosus, and Vibrio cholerae (for a review, see reference 19). These fimbriae are composed of repeating subunits of a single polypeptide pilin, which is synthesized as a precursor (prepilin). The type IV prepilin proteins typically show a high degree of homology with each other, especially within the first 25 to 35 amino acids. These polypeptides, which range in molecular mass from 15 to about 18 kDa, contain a short, positively charged leader sequence of six or seven amino acids, an unusual modified amino acid at the amino terminus of the mature protein (usually N-methylphenylalanine), and a conserved and hydrophobic amino-terminal domain (13, 38) . Previous research has suggested that many components of the type IV fimbria biogenesis apparatus are likely to be functionally conserved across bacterial species (2, 21, 25, 31) . In some species, several of the genes involved in biogenesis of type IV fimbriae are clustered together close to the pilin structural gene. Those genes identified often include the peptidase responsible for amino-terminal processing of the prepilin and a cytoplasmic protein with highly conserved nucleoside triphosphate binding sites (25, 30, 48) . The cleavage site for the type IV prepilin is usually between glycine and phenylalanine residues (methionine in TcpA of V. cholerae) in the sequence Gly-Phe(Met)-Thr-Leu-Ile(Leu)-Glu, which is highly conserved among members of the type IV fimbria family (44) . The prebundlin from EPEC has a 13-amino-acid leader sequence with a similar potential cleavage site (Gly-Leu-SerLeu-Ile-Glu) (9, 43) .
Prepilin peptidase genes have been identified in several species including P. aeruginosa (PilD), Klebsiella oxytoca (PulO), V cholerae (TcpJ), and N. gonorrhoeae (PilD) (11, 23, 25, 35, 39) . One of these (P. aeruginosa PilD) has been shown to be bifunctional, capable of both cleavage and subsequent N PAK(pMMB67HE) , PAK-DfQ(pBFP6), and PAKDfl(pMMB67HE) were grown in LB broth to an optical density at 600 nm 0.5, induced with IPTG (isopropyl-p-Dthiogalactopyranoside) (0.5 mM), and incubated for 2 h. EPEC E2348/69 and derivatives 31-6-1(1), 31-6-1(1)(pMSD201), and 31-6-1(1)(pMSD217) were grown overnight in Eagle's minimal essential medium to induce bfpA expression (9) . Bacteria were pelleted, resuspended in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer (60 mM Tris-HCl [pH 6 .8], 2% SDS, 10% glycerol, 0.025% bromphenol blue, 5% P-mercaptoethanol), and boiled for 5 min. Samples (15 ,ul) were separated by discontinuous SDS-PAGE (15% polyacrylamide). Proteins were electrotransferred onto Immobilon-P polyvinyl difluoride membranes (Millipore Corp). TGATAAACTsAAACATAT-3') and Donne-63 (5'-CGCGGA TCCATGCAAGAAAGTATATTTCTA-3'). The PCR products were digested with HindIII and BamHI and cloned into the fusion protein expression vector pMALc-2 (New England BioLabs, Beverly, Mass.). Expression of the fusion proteins was detected by immunoblot analysis using anti-MBP antiserum after IPTG induction of cultures as described above.
Nucleotide sequence accession number. The nucleotide sequence of the bfpP gene has been deposited in the GenBank data library under accession number Z34464. were then cloned into pDN18 in both orientations and tested for their ability to complement the pilD mutant (pDNXB1/ pDNXB2, pDNP1/pDNP2, and pDNBX1/pDNBX2) (Fig. 1 ).
RESULTS
Of these, only pDNBX1 was able to restore P04 phage sensitivity to the pilD mutant. Finally, a 1.3-kb PstI-BamHI subfragment in pDN19 (pDN19PB) was found to retain the ability to confer P04 phage sensitivity to the pilD mutant. However, the same fragment cloned in the opposite orientation, relative to the lac promoter of the vector (pDN18BP), did not complement the pilD mutant. (Fig. 2) . (Fig. 4) . Notably, BfpP contains near its center three CXXC motifs (common to members of the prepilin peptidase family) instead of two as in most other members of this family. However, only the first two are separated by the conserved distance of 21 amino acids, while the second two are separated by noncanonical 16 amino acids (Fig. 4) .
Identification of the polypeptide encoded by bfpP. Attempts to detect the BfpP polypeptide either by an in vivo T7 expression system using E. coli BL21 (DE3) or by a commercially available in vitro transcription-translation kit were unsuccessful. Failure to visualize the BfpP protein could be due to the fact that bfpP lacks a consensus ribosome binding site (RBS) required for efficient translation. The closest match to a previously proposed RBS is the sequence TGATTAG at -10 with respect to the putative initiating methionine (Fig. 3) (40) .
PCR primers were used to amplify the bfpP gene and create an in-frame fusion to MBP in the commercially available expression vector pMALc-2. IPTG induction of synthesis of the fusion protein followed by immunoblot analysis using anti-MBP antiserum made it possible to visualize the MBP-BfpP polypeptide with the predicted Mr of 69,000 (data not shown).
A 96-bp in-frame deletion in bfpP was created by excision of a BsrFI restriction fragment. The PstI-BamHI fragment containing this deletion cloned in the pDN19 and mobilized into the P. aeruginosa pilD mutant failed to complement the mutant to restore P04 phage sensitivity (Fig. 2) . The bfpP gene containing this in-frame deletion was amplified by using primers Donne-62 and Donne-63, and the product was cloned into pMALc-2. As (9) . As shown in Fig. 5 (Fig. 6) 
DISCUSSION
In this report we demonstrate the presence on the EPEC adherence plasmid of a prepilin peptidase gene with sequence and functional homologies to the pilD locus of P. aeruginosa. Our initial approach for cloning the EPEC prepilin peptidase gene was to use a probe derived from the P. aeruginosa pilD gene for hybridization to a DNA library of the EPEC adherence factor plasmid. A similar strategy was recently employed to identify the prepilin peptidase of Pseudomonas putida (7). However, the pilD probe failed to hybridize with the EPEC DNA, even under conditions of reduced stringency. Prepilin peptidase genes have been identified in other species by sequence analysis in the vicinity of pilin or pilin-like genes (11, 23, 25, 35) . We therefore suspected that an EPEC prepilin peptidase gene might reside near the bfpA gene. We cloned the gene by functional complementation of a P. aeruginosa prepilin peptidase pilD mutant using DNA from the region downstream of bfpA. This is the first example of employing such a strategy for the cloning of a type IV fimbrial accessory gene, an approach that may prove fruitful for other components of the system and for other organisms.
Since a partial prepilin peptidase-like sequence (hopD) had previously been identified in E. coli K-12 (19), it was not clear a priori that EPEC would require a specific prepilin peptidase gene to process prebundlin. Indeed, the partial processing of type IV prepilin and prepilin-like proteins, such as those from N. gonorrhoeae, Aeromonas hydrophila, and EPEC, observed upon expression in E. coli (9, 11, 20, 25) had been attributed to HopD (19) . While in P. aeruginosa a single enzyme is responsible for processing the prepilin and components of a secretory apparatus (36) , the existence of multiple prepilin peptidases in other organisms cannot be excluded.
In addition to cloning the bfpP gene in a pilD mutant of P. aeruginosa, we also showed that the bundlin protein of EPEC is fully processed when expressed in the wild-type but not pilD mutant P. aeruginosa, thereby demonstrating reciprocal functional homology between the prepilin peptidase enzymes of the two organisms. This result was also somewhat surprising since significant differences exist between the fimbriae of EPEC and P. aeruginosa. The type IV fimbria family has been classified into two groups on the basis of the amino acid sequence of pilin polypeptides and the first amino acid of the mature pilin subunit (44) . The first group includes fimbriae from P. aeruginosa, N. gonorrhoeae, N. meningitidis, M. bovis, and D. nodosus. Prepilins in this group have very short (6 or 7 amino acids), basic, amino-terminal leader peptides. These peptides are cleaved by their respective prepilin peptidases between an invariant glycine and a phenylalanine. The amino acid sequences of the mature pilins are highly conserved in their amino-terminal domains. The second group currently has two members, the toxin-coregulated pilus of V. cholerae and BFP. While these two proteins are similar to each other and to members of the first group near their amino termini, they have longer leader peptides than those of the first group (TcpA [25 amino acids] and BfpA [13] ). The first amino acid of the mature TcpA is methionine and that of BfpA is leucine. Only the former has been demonstrated to be N methylated. Previous reports have described the ability of prepilin peptidases from K oxytoca, B. subtilis, and P. aeruginosa to process the prepilin of N. gonorrhoeae (11, 35) . In addition, the gonococcal prepilin peptidase has been shown to process the PulG protein of K oxytoca (10) , and the enzyme from P. aeruginosa has been shown to process the ExeG protein of A. hydrophila (20). However, the TcpJ protein of V cholerae is not able to process the prepilin of P. aeruginosa when both are cloned in E. coli (22) . The functional conservation between PilD and BfpP demonstrated in this study provides evidence that the differences between the two groups of type IV fimbriae are not sufficient to preclude proper heterologous function. While complete assembly of fimbriae from pilin subunits of N. gonorrhoeae, M. bovis, and D. nodosus has been accomplished using the P. aeruginosa biogenesis functions, similar heterologous assembly of pilin subunits from group 2 (BFP or toxincoregulated pilus) by the assembly machinery of group 1 has not been reported as yet. The results reported here suggest that such experiments are feasible.
The deduced amino acid sequence of BfpP indicates that it is the most distant relative in the prepilin peptidase family. Among the notable features of the EPEC enzyme is the presence of three, rather than the usual two, CXXC motifs. It would be interesting to know whether each of these cysteine pairs contributes to its activity. Another implication from the sequence is the fact that the ability to process heterologous substrates is not dependent on a high degree of sequence VOL. 176, 1994 on June 20, 2017 by guest http://jb.asm.org/ Downloaded from conservation. Furthermore, our results show that the absence of signal with DNA probes does not exclude the existence of a fully functional homolog. Presuming that the extant prepilin peptidases evolved from a common ancestor, the regions of relatively high conservation among sequences of low similarity may provide clues as to the active site of the enzyme.
One of the more interesting properties of the P. aeruginosa PilD protein is its bifunctionality. The prepilin peptidase not only cleaves the leader peptide but also carries out a subsequent N methylation of the newly created N-terminal phenylalanine (46) . Since many of the type IV fimbriae examined contain N-methylated amino termini and substitutions of the N-terminal phenylalanine by methionine, alanine, or tyrosine do not alter prepilin cleavage or N methylation (45) , it is expected that the N-terminal leucine of bundlin is methylated as well. The fact that the amino acid sequence of bundlin indicates an N-terminal methionine (16) while the DNA sequence of the bfpA gene specifies leucine (9, 43) invites speculation that N-methyl leucine may not be resolved from methionine in amino acid sequence determinations.
We failed to detect the BfpP polypeptide either by T7 expression in BL21 (DE3) or by in vitro transcription-translation reaction. We suspect that failure to detect the protein may be due to inefficient translation of the bfpA mRNA because of a poor RBS. We have found only one similar sequence proposed to represent an RBS, that of the sdaA gene (40) . A second possible initiation codon GTG (valine), present within the open reading frame, is also preceded by a poor potential RBS (TGGC). Other, less likely explanations for failure to detect the mature BfpP include rapid turnover of the BfpP protein and the short half-life of the mRNA. However, we were able to verify that the bfpP gene could encode a protein of the expected size by expressing an MBP-BfpP fusion protein. We obtained further evidence that the protein identified by immunoblotting with anti-MBP antiserum was the predicted fusion protein by identifying a similar fusion of slightly faster mobility from a clone containing an in-frame deletion within bfP.
The bfpP gene was cloned from a 9.3-kb EPEC plasmid DNA fragment that also contains the bfA gene. It is possible that these genes are part of an operon encoding the EPEC type IV fimbria biosynthetic machinery. One known type IV system, the Tcp gene cluster, contains more than 11 genes, with at least 9 of them belonging to the same transcriptional unit (37) . The fact that the PstI-BamHI fragment can complement the pilD mutant in only one orientation suggests that expression of b.fP depends on a promoter from the vector (lacZ promoter in pDN19). This suggests that bfP might be transcribed along with other upstream genes by the same promoter, possibly the one upstream of bfpA. Analysis of the DNA sequence upstream of bfpP reveals the existence of several open reading frames which are homologous with proteins involved in biogenesis of type IV fimbriae in other bacterial species (49) . It remains to be determined whether additional loci of the EPEC bf gene cluster encode proteins functionally homologous to those of other members of the type IV fimbria family.
